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in. the. neighbourhood of an impurity in a metal are con-— 
Srdered.: in Chapter ay avis shown, Uhar the fact. that 
a WeSoCI Ve -1puUrie ys Ssecreenca ess errectively when 
a DOSIVCiVe “mpurity may be understood in terms of 2 
simple Thomas Fermi mode NolneChapver “hi tme coplecit ve 
modes of oscillation of an electron gas in the neighbour- 
MOCc- Ol an Ampuricy sare anvesticaved. “Ay nydrodynamice 
model 1S used anmhien the electrons are treated asa a 
Clarccd (eri wiiWade “tits shown ronal local Zedumodes 
Sf [excrrarlon exst near a poslteLtve Gnpuricy.-1 Such .a 
MOCaPReHROLtarwen cam besedevected an characteristic losses 
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Using the approach of Yamashita and Nakamura 
we consider the effect of -induced phonons on. the current 
arising From antepplaed TAC. Pield.in ae plezoclectric 
semiconductor. “We restrict the calculation to the region 
where the. amplitude of the driit’ velocity of the electrons 
is Less than the velocity of sound. -We find that for tds 
at aK there is avcritical frequency of the applied field 
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INTRODUCTION 


im part IVor- this thesis we considers some aspects 
O1 the pehavicur of etectrons in the’ presence of a frixed 
DOLNUAAMDUrELY na metal. “in pertlicular an Chapter I 
WerTtreaLy The Screening of an impurity by Giectrons.,. anc 
in Chapter II, the collective modes of oscillation of 
the BC eans near an impurity. We use a semi-classical 
model for the electrons, that is, we take account .oF Che 
faco that they obey quantum statistics bur merlect. all 
epner= quantum elfects. 9 Wevalso mecilecrt short range 
eleceron corretavions, and vreab the “lattice of the metal 
ao 7d ero LOrmed- a smearec out distribution (of ‘fixed posi— 
tive wonerve. “Misr we are Wissnfy a conceptually simpie 
MOGe TE PUONCeSecreipe Cheaswvery complicated Ssysvem of @Lectlrons 
iia metal. “indeed so many features olf the real system 
are neglected Unat at: might be expected that “the model 
LS cOtvaliy Anadequate.,  Yetvuhnis 25 nov the ease ami: for 
Many -DUrposes ne anode l “can be vexpected elo Give a) food 
qualitative, even sSemi-quantitative deseription. “lo see 
Woy this is so’ we review the concepts thet Mave been 
developed for treating interacting electrons ina metal. 

The study of the free electron gas (i.e. electrons 
in a neutralizing fixed background of positive charge) 


bezan with Sommerfeld’ in 1928. He treated the 


electrons at Zzerowderreces and Megilected the Coulomb 
interactions. Since interactions were neglected each 
electron stave could be lbebedled with a wave vector 

k, We hetS Pelaved. FG. phemeneorry OL Lie “Space 

Siar nok-/2m, Wieve Moo smene electron Mass. soommerte]d 
aooLied, Merm Dirac svtavistacs LO the electrons which 
LSC. COuLie MinLPOaucs LON. OL PAG AmpOPLalt COncepe oF Pthe 
Doce sue race tits sca Ko pDNer Cant kauri ace (Or  consLant 
eperevyain wave vecror ‘space which  separaves occupied 
Pleevron svaves 1 rom UNOCcCupted staves when the electron 
Paseie tho CS eround Svatve... An excited state of the 
Soren Ls CRCacved Dy. Uranorerrine an electron from some 


state k bedow "the Bercmi Surtace oem unoccupied: slate 
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k Spovye Luc Feri sseuritace. — pe esnercy sor the exncived 


wor 
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stave Us £hen.t k5/em -f kj /em. Such an energy spec- 

PeUletce Caio ao -SpeCUruUm sOl vile wernt oY pe. 


oEne@e that wime many "powertul techniques have been 


developed to take into account the effects of particle 
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One of the first theories to describe 


Grae 


interactions. 
bacveractions between Termions is duet to Landau. 
Cons lderéed a svystemor. fermions interacvinge via short 
rancer forces (i.é, less than the: order of an. inter-— 

ae SHeaci ney as ammode ls for trqucd He. Because 


Of interactions. the cencept; of 4 sone partiche -state no 


longer has a well defined meaning. In an intuitive manner he 
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iti roOCuUCced “Tie -WonCcep Ur Ole a GUuaStparerTclelGathis* Tea 
rermion moving in*the* self-consistent Short. range field 
ora Lithe other! fermions-oOTr the«system. ) Thus. the 
energy’ ofthe quasi-particle depends on. the distribu- 
vion* of other’ particles inthe system.’| However’ he 
postutated= that each of the * quast=particler states could 
pe. labelled with a wave vector k and that they obey 
rermi Dirge’ statistics yy herenercy of¢arqueasi=partiche 
Seaver however, Ssenoterelatedet Oothes wave: vector in a 
claMpeeed ashi onkesinceritsnenerey dependsrongthesdistri- 
butaenL ote elds thewothersn particliesncs However, sinee:the 
CUasAspartie Leste obeynMerms | Piracestatistics,, thereris 
a Fermi) surface, and-excitations- completely.analagous to 
Lhose, ofa the Sommerifeld,model.ae. The quasi-particles: of 
Bhe handavs theory, aren weaklysanteracting,.with Lhe 
Vesta vMeb Che Va WDovice tne appweciaple.litepime, only an 
the-ricachbourhoodyofythe Bermi suytace andathere.is«a 
Fermi. type, spectrum.only for weakly, excited States. 

ite Ueno Len Os SsaDlewwm thi nascolid a stave physics 
Lontake accountaeactu inberactsons py detininec.an. appro 
Priave etiective moss... bis 1e,ondy pose ble lroua 
limited extent. within the, Landau. theory. Those expres-— 
sions, which-depend. only, on. the density, of states at 
the Fermi surface,” like the specific heat, can. be taken 


over from the Sommerfeld theory with the electron mass 
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replaced by an effective mass. However for example the 


expression Tor the pressure within the Landau theary 
Girrers from the Mmon=interacving electron form by 4a 
Verm Proporvronal WoO Une Gensivy. Ii Chapter i. we 
use the non-interacting electron sas value for the 
pressure. A more exact Creatment would take anto 
accouny Che COPreevion due “to Precuroneciaeeren inter- 
action. 

so far we-have only discussed the case of a Fermi 
Pas sNceractine Vue, SAort range forces: (Sitin 
exvenuea the theory sor Landau to tne electron cas 
Whwchiis characvers zed py Longyrance Coulomb forces. 
He-tound that 20 is possibile: Go split the Coulomb force 
imso 2a long range -part-and a short range part. He 


proceeded py ‘considering a macroscopie disturbance in 
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ticwechoicy Of therelect ron system. since thie electrons 
ave charged the macroscopic disturbance of ther electron 
density from equilibrium gives mise .to a macroscopic 
electric/iveld through Poissons equation. silin showed 
Liat Chae part. of whe Coulomb, Inveraetion whose eirrects 
are not anc luded in the macroscopic electric field are 
contained in short range screened Coulomb interactions 
between the electrons. Since the disturbance from 
equilibrium is on a macroscopic scale the system is 


assumed to remain, uniform over ‘a sufficiently large 
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LOCaL O2Sir Lou Gionwen Clecurons. 4 Within the Local 
GieeriaDucilon, sone electrone.aresinueractine vile vshort 
Range LOrges gang sot LS «pOssilD Le .Locapol yobae Landau 
theory to them. The work of Landau and Silin was given 
Gnb. kb DRneornev ical. Lounmdat Lonsaby. Galitski and tree eee 
Phew MAGroseOpiceeteeuri cc Tieldadntreduced, by 
OL Bas anOouber important cilrectubesides, being res- 
RONCMD Le fOr escCreCcenligei hes nperaction. bpeLween. electrons. 
Lime aL Osres home Lea LOre.Oreani Zane Lhevmotion.ol the 
MaGeeseconic dilsuurbance,olecharce into .well defined 
CsCl atLonsue  bat.vhis: ef Fecr. should CoCr Dade ern 
pueGte ped HOUrEYecars Cariieroby bohm ete in 
1952... » neyeapproached. the. problem of the, Fermi, cas 
auceracCl Ie eVeanCOULOMDealorCcesay. bY analogy with, the 
@Lassical pilasma:,. A.classicailsplasma is. a high tempera- 
Gucexoveralisaneutral, system containing charged particles, 
Usveadtyseclectronsyand, ions. slit. pad. peen. known for a 
Long ec Mee nota We Ll Jdehined density osc id larions could 


(20) Ide thlat thie Coulomb 
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bersustained.~inusuch.a plasma, 
fi.e10 @bLoe parntrc en us Screened pyeoLier particles . 
Bohm and Pines, looked. for, and, found. similar. behaviour 
in. the dnteractinge electron Kermi gas, «hey introduced 
a. methods for,guangizine uthey density. t luctuarions, and 
called. the. resulting: quanta plasmons.... These, have a 


spectrum of. tne Bossy typevands have ma, dispersion 
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where ACS jmne"/ms n is the electron numbér density 
enadse asithetrycharge.iikals theawave- veetor Labehhing 
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Snes component ot thealourverndecompositionsof the. 


oscil tihatangeedectronsdensitysuivesissthe Fermsh: ve hocity.. 


F 
The,equatlonel) )vholdswonly for«smal® values.of 
Kk, Thisw»is easy to understand »since..the: plasmon: corres— 
Bondsrco fluecevations. in the electron density and a 
PluctuaGlonnmusssecontainvatatesst onekpartache ; 
‘Roughly we must have k < = whereseatisanherainterpargicile 
spactnedre Since é ve “Seo her aygerasersquearenel take sue Lo- 
city, we note that in equation (1) terms containing h 
BoOangse occur anti dworder ee This) suggests that. the 
first two terms in equation (1) may be obtained using 
aemodeliwhichenecetectsaquantumse:r fects) «except *for the 
stagistacss Powe11 ‘19? Has sfoundsthatbatherpeak jim the 
enerey Losshspectrumyor Keeavyetectrons» is apredi ected 
quitesweld.by sehe.»~freenelectron values<of Wo: 
Phespicluresehat remencesvor aqtnestreeselectron. gas 
from the work of the above authors and many Bene 
has muchednacommonewithsthewpiectyurnesoiachemon= 
interacting gasrofsSemmerfeldy —Theréer;exists anspheri— 
eal.Fermi surface and» there aresweak excitations of the 


singlesparticilecserermintype uphough theserparticles) are 


no Jonger bare Jevectrons..| In addivion sche rinteracting 
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electron sas (has va sya Seiive Suenahi Ga?! not. shared 
with the non-interacting system, which is connected 
with the Wenge ’ranve part of svhe* Coulomb interaction. 
These =col lective exc lvations *haverca spectrum or the 
Boase Shype rv The remaining “short trange  part-or’ the 
COWLOMD LUVeEraevuones Ves (Piss To +short- range “electron 
correlations. "These *twortypes of behaviour are not 
independent and are weakly. coupled. together in a com- 
pircaced TMnanniers 

Much ®of the -impetus for the*work*on the’ free 
electron? gas hcame sf rom tarne “desire *to “understand... the 
Venaviour yor elec trons*inva weal-meta Loa “The investi- 
gation vor ebhe behaviour *or electrons ina réeal’metal 
nes “fo ‘Cakesintvoe account the efrects of Cher mnteraction 
Gf Che electrons with. the enysteal Vattice. Blectron 
Staves Dita perilodre lattice can be "labelled witha 
wave vector k, iy much tne Sane rway that free elecvron 
states can be. Howéver this wave vector is not related 
to * he omentum, andthe *enerey ora state may ‘be 2a 
COMO Gated funcwlon oF Stel waye "number! even iti ibhe 
Coulomb’ Inveractaion “petween electrons is weetected. 
The periodic lattice gives rise to bands of states, 
waich tthe electrons can occupy ,—separaved by -enerey 
gaps swhere there are no “staves available Porveccupancy. 


In a metalat zero temperature the highest band in 
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energy; the conduction band sve partially veceupied by 
electrons, andrallother bands of -lower- energy are 
full. “Thus in-wave vector space all available electron 
BUSteS are -OCCupFed "Up. FOrarsurrace “er constant "enerny* 
Tacs surhace* vs tie Merivrsurrace ror cree lecprone an 
a ueval.y 1b "Meed not. be "spnerica hii shapes "as -re tie 
case for the free electron gas. 

er yh Stpear ao measuredtand=plotred the Fermr 
surirace’ Of “COpper . ““DOOn = Sseudiles' critne "ceomnetry of the 
Ferm. suriace.-or other “metals were done -and “showed "that 
Wor a laree numberfor "Mevars ine Vem "surraces “were | 
remarkably close to the@spherical surtace of "artiree 
Crecvron tao. fase Lre Was realpece tral Che peri odTe 
potential or tnhe-latvtvice’ hada relatively small effect 
on the electrons in a metal, outside of creating energy 
fapss  2Ne free=eLreccron*natureVow-vne-rerin “swrhaces 
SUCCESSES Chey Une eLeCuronr™= slaves “sr metals meehieabe 
eprainavre *cnrouch “perturbarion™cheory Trom-che “free 
epecenee Stoees. ThesemeoncmeerarLone =Lead~-co=-vne deve 
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lopment of the pseudo-potential method for applica- 
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collective modes. At metallic densities effects of 
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ment. However our results should be applicable ina 
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CLOTS Lhat a positive smpurity in a-metal is 
screened more -efrectively than a negative impurity 
we show that this effect may be qualitatively under- 
stood by an elementary argument based on the Thomas 
Fermi methed. 

We-next treat-the problem of the collective 
excitations of thevelectron igas invthe presence .of 
en LMOUPL sy ., mingle particle \exeitations sor ihe 
electron gas in the presence tof an impurity have been 
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investigated by Layzer. 
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Peclor exci tavvonc existn The seoi lective modes of 
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impurity have been-studied by Sziklas 
These authors have used a quantum mechanical many-body 
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With frequency Pi) he Wo is the plasma i requency iol 

a homogeneous medium. Szikias ‘12? has ‘concluded that 
no, localized excitvacrion exisvts in tne Nelchpourhood of 
a positive impurity.) These authnorss have also used 
crude hydrodynamic models to provide a qualitative 
eheckwof the results: oftheir microscopic theories. 
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clear-enough > the physical mature or these assumptions 
ts, MoU. “POR ins¢ance Suan s investigation, .ex= 
pangs the, dlelecrtric funeticm for the non-unLrorm 
electron Sas ne powers: O1 sa Cerlaim parameter , and. in 
a mathemat.Loally consistent manner. neclects-higner 
Crder Germs “int tie exparis2on., stowever hidden “amone 
tiese 1 cher order  leris sare, Terms vor physacal “impor— 
Vance wee tin a Sysvemauve ivarodynamle model bhese extra 
terms occur in~a. straightforward manner. 

“in Chapter IL, we present.-a hydrodynamic model 
CiVone. electron eas fi che Neieapourhood Of 4, positive 
impurity in avmeval,  Wenfindythav, Localized ‘coliective 
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SCREENING OF A NEGATIVE IMPURITY IN METALS 


We cons idem ithe: seneening. ofc fixed point impurity 
DVmeiles stceCn Co LOC eon os ge UeiO) Goby V(r) the poten- 
Cael ate DOd e due Lo Phe ampunkcy and the mon=-uniform 
imdueed,.charge idensity. We considera volume at the 
point. r- which Ls MaAcroscopl cad] yw small. put microscopi— > 
cally barvee so thatiat. contains a) largve number’ of 
bemiuecies. If we neglect the: Coulomp interaction 
between these electrons the electron staves an yohe 
small volume at point r can be labelled with a wave 
vector k. TGs GOrPOCeCUMN iE is legitimate Omiya aioe 
potential ts) varies slowly over distances of the order 
Of an taterpartvicie, spacing. —Clese To, Vhe amourivy this 
is not the case. However we use CHiLeMpLCeure. Onin LO 
Sbtain whe poGcenvial ab disvances iar [fram the ampurity. 
Close to the ampurity «the povential is eptained. by 
divPterent methods. — The twor potentials are then matched 
Lr -a plausible Fashion. 

| im Gheveround stave at =) Or tne ,electron states 
tn, the ssma lie VOLUME «at r, are occupied to a maximum 
Value of Uk, kp (2) which is a function of r. We could 
take into. account une efiect of anteractions by using 
the quasi-—parbtiele picture herew) They have.the same 


Fermi surface as the non-interacting electron gas. 
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However ac "mene roned iim ithe einuroduc ta.0n, bhe .most 

Lmportent..factorudeterm ningeserecening isthe, hong 

Panee spank Of cohe .Covlomb.imteraction which is given 

bei VAG hs di eF = Electrons Au rte (point rn Dn aod1 ci on to 
. * 2 , oy - 2 

Pheir Kinetic enerey Nm /em weve a. potential energy 

-eV(r). In the ground state of the total system in 


equilibrium we then have 


az - eV(r) = u Gay) 


where pw is the chemical potential of the total system. 
Ke as 


Under the assumption that V(r) + 0 as r+o we have 
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where Ro is tier electron number density at very large 
distances from the impurity. (hauation. (1.1) is the 
eondition- for: equilibrium in the ground Ssvate. For if 
&(r)/2m >ut+eV(r) then an electron with such a 
kinetic energy could escape to infinity where it would 
be above the Fermi surface there. 
The number of electrons per unit volume in the 
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ub Sd teenie (1b. 3) into; te) we. obtain the 
well known Thomas-Fermi expression for the number 


density in terms arathe, potential 


aera) nie: (1.4) 


Poits60n “s -a@quation is 
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Using Poisson's equation together with (1.4) we can 
solve for V(r). We assume that V(r) is spherically 
Syrnecurac,. Uneniat larce Clsvances from Ghe npuricy 


such that < 2 £ne- physically acceptable 
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equation (1.6) matches with the potential at small 


distances from the -impurity.  Closé torthe impurity 


where — > Pl we treat the positive and negative 


impurities separately. 
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Av Very Close distances FO tne Anpurity the -po— 
tential goes as Ze/r where Zais positive.- The solution 
(1.6) has the required form of a Coulomb potential for 
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Mion Case: 1s Meraudny oy cao. SOMeyOOLOL ere 

a evr ) =O «. Ci. 9) 


lnethis «<ase*where ae 5 the Thomas-—Fermi equation (1.4) 
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where C, is a constant and 4 is positive. For ror. 
equation (1.6) may still be regarded as approximately 
Valadvexceptsthateathnenconstent Cy ts as-yet unknown. 
WesdeverminesCsand,C.  byeredudving, that. thespotential 
and its gradient be eontinuous at r Bee Onexrthen 
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Within the framework of our model yn may be found 
by ssupSst Er tUuUing (lsd) tor Cl212) into (1.9). We obtain 
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where a = € fa). At yanvelectron density of 10 3 
electroneyc 6. O.. 2a wheres 91s Che Bohr radius; 
; @ r 
hence e /a ~ 13 eV. In many metals Ep ~ aC Sues 
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‘Thus a negative impurity with 2 = 1 creates a hole of 


radius of the order ofan inter-electron spacing around 


tself ina metal. The radius Of “ones noes 
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farger ut han the Grange \of (thewrlera lof iia i positive 
impurity. The electrons in a metal therefore see 
aller ger cross sect ton rduemo -a’necative simpurity 
than’that due) toa positive impurity. This difference 
SHOULTRSKAEDIV SEE Sel Pein Ppthe“reésidual arpesistance. 

We “nay “auso Conmstdervone impurity as af Lt ws 
OMe VeCrrony Use Ln. Roque tnons. Cli o1y and “iti 
Lnen eeve the: fLelavor jasstowly moving electron in 
Cae LeccCrom pas. “inthe amet of uch electron density 
(i.e. much higher than metallic densities) equation 
Gl ee) has he vsolutivon: FSO Wein thiselimitvequations 
(1.11) and (1.12) reduce to the well known form of the 


sereened Coulomb interaction 
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However rat metalic) Censuses, tlw) and Gl 12) should 
be a better form of thewshort’ Prange Coulomb interaction 
between electrons. 

AS anuexample wwe calculate, the, residual, resais- 
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ClLelecs. se lne Herm SUpLaACee=an <COpper 15 MoO Leven 
topologically equivealent.to a sphere. since the) surface 
intersects the,zone-boundarnies. However the area in 
contact withthe zone boundary is:small compared to 
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Zone boundary, +-aacspnertrecalveerm: sunrface.should be a 
quaiitativelyageod approximation tothe actual. Ferm. 
“Sue tace in COUper. it: FOrksma Mi wNouUr ily: coneentraGilons 
one residual resistance; per imeurivy. atom, 9, Ls given 
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scattering in the Born approximation is well known 
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Usine (1. ands (1.22) we obtain: 
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residual resistances “per -impurtity atom: “The’ratio of 
CHeSresidual -restetances sper vinpurity atom? Por. posi- 
tive and-negative impurities of the same concentration 
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In deriving (1.21) we have assumed elastic 


scattering so that |k-k'| = 2k, sin 6/2 where 6 is 
the angle between k and k’*. We have made the substi- 
CUC1On UX .= sin 20 Ae. 


Wevobtein n=. 0. cFfrom ecouaetion (2obo) fora 


single necative ampurity- in copper, where we have used 


7 
aa 
Bail ‘ts 
es 
- 
_ 
= 


. 
ie , 
. * 
ae - is Dp ‘ty q °) lsih, b 
4 i ee tl F ~ 4 eee 4 
Ty : 
toe 
ml F 
ee 
4 i * rs a 3 \- i i 4 
ae 
in : S 
: . 3 he ee = _ 
| o a ST a aa) 
4 hw 
td Niore X Gus 
ae Cal _ r 
1 
i oy 
Lae i 
’ a 
. = 
1 
‘ 5 4 : fy) 
I i 


= 
r 
¢ ca. 
: 
v / ~ 
: 1 
: ’ 
r , . 
i} + 
mdi ; nm i 
1 
iM 
: : : 
a a z * ‘_< 
4 a 4 = 
i j de sd | 
f ~~ — —_ - - a 
4 i if x 
Bees : 
| 
Lm | 
$ - 
os -_ ’ 
“vi ‘ 
g 
! { ¢ 
| n hy ie 7 


a ‘| : 7 * We : : 
a, 7 i} ‘ : ; 
] ‘, iy He < i a 
Ma) a vine ’ ; Doe. seat Gum ah eek Wily lish 03 
ae ia ak aa Cat 
oe . 4 i ; \ . 1 aes o ha v' ms 
z | ?¢ : e Phe. 7 7 | ve Pee qe = de 4 “OG isa ry5i ut 
a at : : si - Vip cf ; , 
Pi ot | ae sy 7: 7 ty “a = : . 
CO! gihtente oct ibm rel: 3 oA Mire km Sopra, Sf 
: 4 fl 7) e: n . 
x mA he 7 an ear w 
: 7 os ¥ PTY ts 6 


ade iad Seer io a ae : eo ‘c 
Ian Rett BO =p. henter aw 
, py hee a iY ee a 


2a 


the mass.of the free electron and assumed one free 
electron. per copper atom... Substituting n = 0.8 in 
Squat tony «lac lie wt ene Cie = 0.25. We may note 
that as. Gxpecveds trom therepove treatment P,/P_ is 
Besa than ini Cyetorm olhery seus, OL impurities in copper 
(see reference (9(b)) page 341). The resistivity 
Measurements, in Ac .Pad.aned IPE with eimpurities -ot: nea ch— 
Doug ne elements 1 pone erloGi Cc toble ror bigs Similar 


(14), 
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behaviour 
are an exception. 
Pne eosullt sc oven. Gere Venonstrave OOW a \ery 

Simo le, mode) Can cive reasonable Gualitacvive agpreement 
Wied CxperimentalL data ,on, complicated systems, Ag, Cu, 
Povo Mert Avo NOL Pepe Meters 2n tae sense that the 

alkalis are, however experimental data on the alkalis 
MO avo laplet presumably Decause of the ditficulty 
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Comment 


After the material contained in Chapter I had 
béén saccepted form publication it came tomy attention 
that the same problem had been treated in a very 


similar fashion by Alfred and March in 1956, 622)? 
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CHAPTER LL 


COLLECTIVE MODES OF OSCILLATION OF AN ELECTRON 
GAS: IN THER Het LTY “OF JAN = MPURITY IN METALS 
“ 
ln this chapter we investigate the behaviour of 
Ene COLLectiver Modes-or VWoraLll on Or the “electron gas 
an theaneehpourhno@od sol “an impurity av zero degrees. 
Meavesarae thie™elecirona ras a icharced Mern Tluid cand 
wetermric "tie MOCTOn “of “the density ©iuccuatrtons due 
CO, etecrvric and =pressure Torces tnroucky turer "s equacrion 
ano che equation of continuity. 
ine e LeCmGnewelGassriwcOr OI Nt. AMpDUr. by) Ol Charve 
Beware enclosed inva Ox (Ol, Volume’ Oo... lhe total system 
is clecpricaisy meutrat due Co the presence of a smeared 
ome Pfixve@ uniiorm backeround’ of "posiurvecnarge. °iIn 
Cqurirtbriumnm the "electron mumber density p(r) will assume 
some stationary space dependent form, which we expand 


ina Fourier series: 
Sh CO a ive Sees Gr) 
2 rte 


Assuming sperivodic, boundary feondi Gions) the, values 


of k in the summation in (2.1) are given by 


Aci | 
leon 7 cre al + nyd + nk) 
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where ny» ny. and n, are integers.and 13 Sj. Genes 
it PoLlowsthat 
i(k-q).r 
1 a eo ae | 
2 | : aes (22) 
Q ~~ OOoN 
and. trom (2...) and. (2.2) ms 
: -ik.r 
eas see oh) 
PS | pie) e dex Cas ay 
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Associeavedewith the -equilaprium charge density. 1s an 


ebecurac Tiecld |. =_-grad © where © Ys-civen- by Polssonts 
equation 
2 . : a 
V.E = -V°@ = -4ne{p(r)-Zéd(r) - p } (25) 


Wherere is the Macnetude:.ef the electron charce,-Ze is 
tae charge ton’ the impurity and a iS) Cie. Und Corm pos. — 
bive @harge-number density. Expanding -the- potent fal 


as 


e C2 59 


Lk ae ik 


S ~ 
ko, € = -lne{ ) p,,€ 


ad wee 


(226) 


where the Fourier component of the § function is 1/2, 
WhichuLollows Leon .G2 a3 jen) LOC etacGt.that tne .toLaL 


system is electrically neutral means 
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- e | p(r)d?r = OTR -{Ze + 0’ Ne } 27 |) 
Q 
Hence using (2.7) (2.6) can: be written 
4] 
2 y Z, pooe 
) k by = ) + 5 Gg = P35 2 mm oO) 
k ~ k#0 k = 
Thus 
' Nore y 
eee moun our ole ee 
s < ~~ 
(a9) 
$= 0 k = 0 
in thee elec mromadenss ty is displaced siichntly 


Prom=cGqua librium atid then bert free. to move under the 


Ane Puences OL tine i orces min tne system, 


a small filuc= 


tuating charge density - edp(r,t) is thereby induced 
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We are antverested ian finding. the normal modes or 


ViIDRAOGLON 10f thesdensiacy fluctuatwens:. 


ies ai frorm 


electron eas’, to @ so0d approximation for csmall values 


of ky, each Fourier component: of the Gensivgy, fluctuation 


oscillates independently with a frequency w(k). 


the system we are considering is 


Because 


spatially non-uniform 
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i CQuLriiDriumy, tC 1s tO be expecced thatweach normal 
mode will have -a=spatial structure which will be 
Sspeciwally pronounced COrvt ine —LoOcarized modes. © If 

Ene rormal modes” or =the densivy fluctuation have “2 
spatial structure many Fourler.components are required 
Co buidd this structure. “Hence we look for density 
Tiuetuarions of the system that have the form 

ik.r 


d, (we : C2 OS) 
K#o S 


~ 


el Ge nee = Aaa ) 


The time dependent charge fluctuation (2.10a) 


proquces 4 potential U(r,t) ; 


ane ik.r 
wv(r,t) =e . Wy(o) 27 ” maa, 
ar AG arpsiee 
where from Poisson's equation 
i Nore } 
vy Pets eo °K ° (Zee) 


o(r) and p(r,t) together determine the electric field in 
Che sysvem. 

We now consider the pressure forces. We know that 
in the presence of: the impurity stheselectrons assume: a 
spatially non-uniform distribution. “This non-uniform 
distribution Civesr rise Vo tenvelectric 2ierd stand hence 


to electric forces’ which act on the: electrons... We can 
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electric force’ on the electrons in a small volume V at 


a POU baer’ Ls 


| eo(r)grado(r)a?r 
V 


where from equation (1.1) 
She Se) 
Brom. equation (1.3) 
2) 
en) = Bip yl = 
where 


2/3 
Fo = (f°/2m) (30°) 


Using G2vLo)anden Aa athe alee teic. forcents 


F | o(r)grad 0/3 (rar 
V 


ate ee) 


(2.14) 


(Cosa 5*) 


The {force on tune electrons Uuerto chespressure 
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Wheres 1S) ceo suriace: DOumeemen yond ne is ‘the, outward 
unit. normal to. S. iIn-equilybrium the electric and 


Dres2ure- Lorces, balance. (So. a 


| 
re é 


EF | p(r)grad 0°! 3 (r)a3p = 
V 2 


Con) tae 


= | grad po(n dex Ke 16") 
V 


Choosing V small enough) so that ptr) and p(r) do not 


vary much over V we obtain from (2,16) 


ecadip en) y= = F grad 0°/3(r) : C257.) 
Thus 
py(x) = £ Fp? 3(r) | (2.18) 


Since tne ,cONnsrany of integration has no physical sig- 
hip eoanece and) Can be «chosen jas Zero. 

Equation (2.18) gives the pressure as a function 
OF tne densi uy, Dor cne Elrecorons In equ Lippe ium... Under 
NOMn-eGuilLorium Condivt loons. tne resultant. onthe elec— 
tric and. pressure forces Asenot. Zerocvand):-10 produces 
loca lZaccelerations and. hence vibrations of the Tluid. 
“At low frequencies of vibration one expects that equa- 
tion (2.18) would be a good expression for the pressure 


if the time dependent density was substituted for p(r). 


SHOWS VEr 20 Neneh reqhene ten renaretrersastiLe of plasms 
Opel at vons Une expression mor. the pressure should, be 


(12,16) We assume 


modified: from thav av equlaaprium. 
that in the high frequency case the pressure p(r,t) 
iS e2ven py 
18 
where n(r,t) is the time dependent electron number 


density 


ONE U) = ptr 3 uy) ool. b) : ee 0) 


Whepjus Gel ica onweor (2.10) se that: this form or 
URewoOrecsure JenOs tO a Gispersi on relatcion for the 
Cilecmaoserileatione Of a Uniform system that: agrees 
Webi Che one Obvained by, a-Mmicroscoprc treat= 
ment. 

Mies equation of ‘movbon Por a, small jelement: of 
yolume Vor theselectron Tiuid acted upon by the 
electyie and pressure da orces as 


a 
at m | n(v,t) (r,t)a?r ree [p(e,t)n,as 
V 7” 


+e | n(r,t)grad(o(r) + ¥(r,t)d?r ae ie) 
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Weve i ts tne elecuron Macs wale Clement pol volume. V 
moves with velocity v(r,t) such that the total mass 
PHOLUACU TS iCOMe rani. sr niie mn (r,t )d?r = dm is indepen- 
dent of time. Equation (2.21). can therefore be written, 
Om? tetting the volume V approach Zero’.,-as 


mn 2 = -grpad p(t) + en grad(o +p) °. C2.22) 


Equation (2.22) is the Euler form of the equation of 
mMOULOM Por an eleetron tf luid. 

tHe: equavion of “convinuLty. Ls 

on 


sey ove Ge) a (eno) 


sedi lt Or Lum Vee Ol. OO. =O and as 0. We treat these 
So lirse ordervemal) quantities. (Combining equations 
(2.22) and (2.23) and keeping terms linear in V and nh 


we obtain 
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m =ivesradep(t)a— en erad( opt b) i> mr C2 s24) 
Subsmitueinem or ep yt) and nin cequatron (2524 ) 
from (2.19) and2(2 20} and) keeping terms finear. in 


é60(r,t) and v(r,ct) we have 


2 : 
3 Lt. : D/ 3) 18-4 49 
m = So(r,t) = div grad{F[p(r)] eas 3 argo 3 
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Phe _timePindependente parteors (2425) -is.nebt to be 
considered, as therconditwen 7or) equilibritm ain: view of 
the meaning given to p(r,t). The time dependent part 


ete (2225) | cives 


2 
m—. ép(r,t) =div grad{2 FLp(r)1°/3 sp(r,t)} 
at° : 3 : + 

= —ediv (p(r) grad p+ dp (r,t) grad 6} . C220) 

We expand [ eae as 
le) x ere @ 
WalGoowe x eee fl + ) aus SME (2427) 
: fi k#0 Po 
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pupetatdeincehecey) onto (2.20) and«takinge the ‘Pourler 


transform: of 420266 we obtain 
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Im obtaining (2728) we have -subetitubed for pir), 
o(r), do(r,t), ples ) from equerions (2.10) 5° (2.5), 
(2y 0a) “and. (2 ee and smadesuse of equations (2.9) 
and (2.12)/te eliminate >, and y,. 

In the absence of Ae aces p, (440) ee cyl re 
this case equation (2.28) reduces to pre dispersion 


RebACEOnN Por a unitorm electron, cas 
2 
2 2s 
= Lre = : : 


Equation (2.29) agrees to order af with the dispersion 
Verathion fOr a. Unit orm 6 ectron as obtained arom 2 


Cate) 


mecrOosCcOopuc: PheORy . 


We can compare our expression (2.28) with the 
Cry 


eorresponding equation obtained by Sziklas and 
Sham‘? USI Ro MUCrosCoOple Lieory. \ Invour wMobauLon 
their result can be written as 
2 Gee 
Ww LES, Ora 
— Sea) bee ee ea 
w 2 5 Sam Ke q q 
O O 
le) t 
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If we neglect the last two terms on the right hand 
side of equation (2.28) we obtain an equation which would 


be identical .withpeauation.(30) =£f. the term é (ae pice) oe 
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was replaced vby 


Tne accor we /u* COGS Noe account, for Ghe errect of the 
last. two terms in equation (2.28), since this factor 
WOUlG “DE present din the case of a uniform electron gas, 
while the last two terms in equation (2.28) describe 
errects connected with the™presence of the impurity. 

In equation (2.30) the only term describing the effect 
Of the impurity on the density.,fluctuations: (i.e. the 
third term on the R.H.S.) arises through the Coulomb 
interaction of the non-uniform (equilibrium) charge 
Gensiiy Wicieche molenttale due To the fluctuations. 
thssecan beuyseen sbycobservying:thatuvhe yidentieali term 
in equation (2.28) arises from the second term on the 
Bente hand side of equation: (2.26): .The origin of ‘the 
two extra-terms in equation (2628) as as follows: The 
first o8 these arises ™through, the \Coulomb intveraetion 
Of the fluetuations wWitrh the potential produced by the 
non-uniform (equilibrium) electron charge density and 
D¥eathearLxed MLMpUrLhy «F The ssecond of these comes from 
the change in=pressure.wue to fluctuations superimposed 
upon the non-uniform charge density. This interpretation 
follows from tracing the terms in equation (2.28) back 


to their: opiginvingequabion (2.26). 
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To solve equation (2.28) knowledge of p, is 
ae 
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required., .In the linearized;Thomas-Fermi approximation 
AY 
Py, = es Ge uy) 
A 1 6 1K oS 


SUbStICULINS (2 ol) Into voouavlon( csc) we “ObvaLN 


va iz oe 
- ‘ t ! ee 
we 9 q@ ee a ee os [ko /k qi | 
eee Ge Oo alc ae Eo) ane an ae 
W k S o k'#0 ko + |q-k'| sg 
Ceres2) 
We expand o oP oomerrea. NErmont Couebius 
Sait om hme ea etl) a (2.32). 
am 2 ans: 


pince We have “assumed= thay Che impurity is spherically 
symmetric 4 (%,m) does Woe Cepend) on m,. Thus we can 


write 
A eee eT (Og eek 273) 
Cie ee q 


In terms of spherical harmonics equation (2.32) becomes 


p eee al ui 
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where 


cos ($, 1-$ a 


Li = cos O1 ceeoe a5 Sin@, ,sine q 
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Changing the variables Or tise crabs On 1 Rom Ot » Piet 


TO Ue Ane Ww, Where .W Levu wevazimuviol angle inethe plane 


perpendicular to d we obtain 
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where we have*used the relation 
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[ Y#C0,,6,)dw = 21 POC) YPC8, 44) - (2.37) 
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Making wse of the orthogonalivy relations for the sphe— 


rical harmonics equation (2.36) becomes 
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Equation (2.36 )-cam be solved numerically and the 
frequency spectrum obtained. We have restricted the 
range of integration in equation (2.38). This requires 
Some comment. in ,theyhydrodynamieymodel the integration 
Should be over values Of Kk from 0 to. o., However the 
eo LLecCives.descrapiaen of the.eclectironncaspbreaks: down 
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at k=K , THIS “hS Of the order-of the maximum value 


of k for which collective modes are well-defined ina 


(12) Also one needs k's of the order of 
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2, 
Dick 93s > 1 + 


Cale oS 
and eXeand «x! shave: a maximumavalue of junity. 
Now Q,(y) for Vurtiedsta rapidhy decreasing aoe. 
Otn., tsonvhab«onlyethe wt irstarew values.of,? are important 
in equation (2.38). We have solved equation (2.38) nume- 
BscadbVateret A=sGeand Lne Lancthe, resulLtss,arcugiven.in 
hpeures (2b). ~ i The qresuLt.cbhtained..by Sziklas is the same 


asayi2? 33) swith BY (x,x!) replaced by 


2 
LExt x! 
1 on: — a 
Bi (x,x ) Q, ¢ oa ) p20 
2 2 
x~4+x' 4+] 14+x+x! 
=e a te )Q, ( Jee: ) L#0 


Thus to the 2 = 0 mode we have a correction .. 


and for the & >0: mode “a correction 
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The localized modes exist above the continuum of 
"free" modes in the case of a positive impurity. The 
eontinuum of free modés-extends from Wy to Fe oT 
CHS es, Ga in (2.29)). From figure (2.1) we see that 


the localized mode has a frequency w~¥3 Wo. 
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Cha Pacveritsv 1c Jenerey (esses Cr k.e.vivelectrons 
Seavvered) from nan Tiims mave been avtiribuced to 
plasma excitation... Comparison or results of experiments 
performed with pure materials and the same materials 
COnCal Nine positive: A2mpuUri@iles: Ssheuwld reveal the docal: 
Prequencics, predLeted heven Given though the. Lécal. ire— 
qnoncies Lie close, to the, convinuum they can pe detected 
because they will absorb energy more readily since the 


impurity can take up momentum. 
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<——— Metallic Densities oe et 


Piucirewiie al. sve loue Of. 0/5 ad NS we Lor “4 =F) and 


Ss 


2 = 0; +1, obtained numerically from eq,(2.38). Here ae 


25, ded ined “by ope: 
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3 
m(r.a.) » where a, is the Bohr radius. 
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INTRODUCTION 


TBere exists Ss. Class on paterials called: p16Z0— 
electric, in which mechanical and electrical effects 
are Strongly, ineeroependent. ~~ ror instance it a pilezo-— 
elect racama ler tale lsusublect sCoua mechanical strain, 
a iecrosCOulLCvelecUric. filelosapves rs nity ien Crystal, 
Conversely Mt che pilezoclecuric .crysual ie. placed e in 
Sime COLT Cliwoldis tl becomes (dd! svorued. 

PAcCZOCIeCUr aC Material S are is lo items CueOOMm 
Cemperavure. Uowevyerya Dlezoelecrricacryccvaws such as 
Cap can ber made. sem Gonaucu nemo imp ly sp yepe ahi oat 
Coo Lie eleclrons exci ved 1 il.O. Tile CommUucGLol Dpand 
in this manner will respond to an external electric field 
and ue O COs Lie wmacrOsCcOD1 cle lecuric tac ldwoascsocaatcd 
Wav ne bie elastic VibrPagions OF -one crystal the. converse 
SrLecto wiih olso occur, namely [The -electric (pveld wr phe 
ean aan electrons wid liproduce strains and hence vi- 
Dracvionsein. they crystal. iivs i aoe Zoe Peer Le. Matermiced 
there Vs strong coupling between, the electrons. and the 
tne 

Besides the ple zoclect ric, coupling the electrons 
will interact with the optical polar modes (since piezo- 
electric materials-are ionic)... Tn aedurion (Unerc wi 
be short range interactions between the electrons and 
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interactions may play an important role in determining 
the transport properties of piezoelectric semiconductors, 
but. iteis. almos#<eertain that ittuieutherpiezoeleétric 
eoupling which is responsible’for the most spectacular ~ 
experimentally observed veffects: 


Cea) 


Hatson etsad. studwved ithespropagationwor 
acoustic waves in semiconducting CdS in the presence 
ohgantappired <p vel utiieldsaaethey found (uhatteacoustic 
waves ofio~20'Me arevstrongly amplifiedewhen therdrift 
Menochey toe thelelecironsrnexceeds (thesveloolvyProrisound, 
hon ryawmes tre vetling ia the idireetionkobmnerdrerit 


(24) 


yVerocitys ehorthy iaftersin 1962, Smith observed 
thosphenomenom tof teurrnentrsatvuration in Cdsa “Upon 

“app Licguronter cishizsn WaCoripel ast hee lecimice current 
Was yobserved hho eee a cons yantirvalue«t or 107! sec 
and euhentdecay to cardiiiferent scons tanmprvalue. \whhe drift 
VeIboc BayroMethewe Lectcorsirad saturation wagrEound:to ibe 
slehtly acreaver tham tthe ivemeitudinal acoustic wave 
velocitwe yomitch concluded that sthe satura onkwasra 
direct: consequence of the amplification of acoustic 
waves. He postulated that energy and momentum were 
transferred fedmutne driitane telectrmonstto verave Eling 
acoustic waves. - 


(2) 


In 1965 Yamashita and Nakamura investigated 
theoretically the phenomena of phonon amplification and 


current saturation ian plezoelectric semiconductors. 
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They used) a quantum;mechanical model: in which the acoustic 
waves were quantized (phonons) and looked at three possi- 
ble types of electron-phonon interaction, piezoelectric, 
eptical and deformation: -In:the case.of piezoelectric. 
interaction they found that phonons of small wave number 


geibecle” coma 


are stronghy amplified.in a-narrow cone 
around the direction of propagation of the drift current 
when the \drift.ivehocity sexceeds “awcertain ieritical velo- 
Chtysaabovie nthet velocity 4oF sounds «They sfurbher found 
that as the number of phononsieinocreases -hhercurpment 
@deereasesevo saturation tinsa -timesof fapproximate Ly tee 
secs Thetcalculat ions sweresndone for CdS°at oom Gempera— 
ture with an electron number density +2 om. 

Morithe case of pe tormarionvand optncal coupling 
they efoundsthatephoneon amplifticavion could noe reasonably 
DELEXPSeLed LOROCcChRnWitDIine thei theony, tat leastist 
room temperatures) yThisnconelustonsisoinveacrecmenh with 
available experimental Sy enree ae 

The theory developed by Yamashita and Nakamura can 
bevappdied Ae anyivaiuenort the ‘anpiiedsiivelde wylHowever 
there Pslacdifficuitysawhen it issaepplsedstoethe region 
whoserdrift velhocity-exceeds»theccriticad velocity «which 
doesrnot“arise whenithe drift, velocity-is <léss ‘than ;-this 


eritical value. ‘Since in the former case the number of 


phonons is being increased enormously by the action of 
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the current, non-linear phonon-phonon interactions are 
an extremely iamportant® progéss ‘for establishing’ the 
exeitved’ number ‘ot phonons wa Ssveady state. Indeed 
without the non-linear phonon-phonon processes no steady 
SvavTe* is “possible within their theory when the vdrirt 
Velocity exceeds the velocity or sound.) Tie ine lusion 
of nonlinear processes “in an exact fashion is: a 
formidable problem.» Therefore’ Yamashita and Nakamura 
introduced a cut-off in the phonon excitation number. 

it was Tound=that= the time for savurationy ot the current 
Was NOG VErywSelicl ULVertto, a crerceror- tne varue OF the 
euv—ort, “bul that the saturavion value..of thesdrirt 
Currency was “quate sensitive wath: repard wor this’ value. 
ieParte- Liver this thesis "we apply ene cneory of 
Yamashita and Nakamura-.to the region where’ the drift 
yYelocicuy ase less than thet critivcals vVeLrociey ar this 
ease the non-linear phonon-phonon processes play an un- 
LiNnDOWLane™ rove. VHOWeVer TA Unis’ rec ron, excatled- phonons 
May Cxisct and inflvence the driitc veloctiy... Micirein— 
Plucnce ts quive diftlerent, (nenewin the case when ne 
drift velocity exceeds the critical velocity. In the 
latter case the excess phonons reduce the current to 
Ssaturacion value, When Che drill Velocity, te fess than 
the critical velocity the efrect of “cher isiuced phonans 
is to increase the current above the value it would have 
if the current were determined by the equilibrium dis- 


tribiowon of yononom alone. 
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In-Chapter I. we develop tne theory from a 
different -polwt obi Lewrthametnat sob yvamasihata and 
Nakamura. We investigate the conditions for the 
establishment of steady state of the electron-phonon 
System) in the DUESENCe Of Nam, cae hela. Mbinina Ot Cand 
meeapply” the vc hneory to the case of an Ai Cerlee Uae 
Pre la app lLLed IeOla, DieZOC lect ric Semnconducuer. lu 
Upapter Lit we discuss) tne results. ¢We find chat. in 
anos Ce Lela y below arceiri cals Value of the frequency 
Of thewapplied field, the magnitude of the drift 
VemOcity Ole Lne-elecUrois LS inereased over tie -yaaue 
He would have +f 10 were devermined: by-the equilibrium 
CasSeruDUuGtVvom- Or YOnNOnNONS jalone 7 Vhs aswaue totic 
etemect. OF the induced. paonens. Above: Cire seri ticad 
Peequency the non-equidibrium phonon distripution does 
not have time to become established and the magnitude 
Ofatheldrify velocity ibs reduced) to a  vatue determined 


by the equilibrium distripuvionlorephonons alone. 
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CHAPTER I 


THEORY AND CONDITIONS FOR EXISTENCE 


OF A STEADY STATE 


eg PCO. 


We begin by considering The Kinetic equation tcr 
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i ee | | 
a Fe + Gey) 
3 U e-p RL 


Wiiere) Dne suliixes e—pvand a1 cenote Che terms erising 


enrouch the inveraction of electrons with phonons and 


tne jexcewia. field pmespecitiave ly... Wihe ki neo cvequatdaon 
for .che pionen, distrmoucilon Tunetion Ng is 
oN ON ON 
q q q es 
ee agi ieee BEN + —— 
t t 3 2 ; 
: : e-p Dp-p 


where the suffixes e-p and p=-p denote terms arising 
through electron-phonon and phonon-phonon processes 
eee eae 

Phesa relaxation time) om am electron’ interacting 
with lattice vibrations is of the order of 1071* sec 


at room temperature. This iswapproximately the time 


required for the electrons to establish a steady state 
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with the lattice. On the other hand the phonon-phonon 
relaxation time is of the order of 107° Seow Jnuswin 
the, presence of an applied electric ficld, the phonon 
distlabusion Function will be 4 very slowly varying 
function of time compared to the electron distribution 
function. As Jone@aswunerireduency of the app ted yield 
is much less than 107?¢ sec, the electrons can be 
assumed to be in instantaneous steady state with the 
Values Of the external field and the number or phonons 
acu any moment “of time... Thus the Teruenand side vor 


equation (1.1) is negligible for the frequency range 


OF interest and we can write 


a a 
waned ue sear = Oe ie 3.) 
jt Paes at) jay 


We wish to solve the coupled equations (1.2) and 
(1.3) in the presence of an electric field applied in 
the -z-aurection. ldeally, onewould Mike to solve, (172) 


anid tele 3) “Lor Ey: and Ng ; in practice however this - 
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proves/to be.a hopelessly complicated task... We therefore 
use Gemethod of partial solution devetoped by Kroniich 
and Sane ee the t10dea 18 (Uo ;euess) a rorm ol (the 
SOLUCLOM LOL ty which contains a number of unknown 
parameters, and then wees (a. 2) and atl Sapiro derermni me 


these parameters and Na: it, has been founa‘2?) that if 


~ 


ee 


i 
i 
; Hl 
pat 
mt 
78 4 ’ 
a ers 
1a BY eve. 
one 
a 
. mo 
+i) ,) 
1 
Vy 
— g 
7 ) 
7 
‘ 
) 1 
5 
i 
é 
r 
an ’ ¥ 


| ; Bees 
wate 


ae 
Pl 


a8 ae 


me ad ih 
wee 
a toe ‘9 4 


ty a) ‘a 8 ie ¥F 
“Vhs Ae +s ah 
} . : ty a ou a Ll ‘ r i) a 
r ‘ ¢ est it oh bo. gana zg ; 


AF. i - W 
yy ee bi 7m Mt ah actin fe 
ah face bo te nadau at tHe 


b7, ay 


- - tae) 
ai Cicer ee & ‘4 ap 
ray fm on ; : 
ee i eas ie 
‘ Cha ei Ste fo r a - ¢ - 
) Sede st ance SA WE ota | 


4 i= ; 
i Lae = 
i bo te 
eae | 
. cA Ff 
; 
ake 
A) 
' yee) 
=| 
eect ts as ee Sp ee mh 


i aos & ale ¥ 
a, iA mo wo ao A - 
i fienk - onl 

ies 


~~ 1) 


veo 


the electronydensity@is sugficiently high: "then ‘toa 
good approximation the electron distribution function 
fis well represented by-a-displaced Maxwell Boltzmann 


Gistribuct lon 
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oe aa is Une electron number censirty., m the electron 
mass, Ky bolG@zmann constant. - Mathematically , Ky and T 
are two unknown parameters which are to be determined. 
Poysically, To ae "anvempreted as"Ene electron Temperature ,; 
mou mecessarily equal To the GFlalvties temperguure Ae and 
Ak |/m as) the electron Gritt velocity Va. The Lwoipara- 
mervers Ky and: i arerdet eCrnaned “Oy erequlimiicevnaou. tne 

race OLD Cranster of enerey ‘and momentum by Che Lleld 
Boerne electrons Ls equal to that, transierred. Prompthe 
Slecurons GO one Lavtiace. “Machemarically “cnis scorresponds 
to taking the first two moments of equation (153) ,.whieh 
iiusveaves: The Spproximalaion nature of the .soluvion, 

We follow Yamashita and Nakamura in assuming that Testo: 
Thus we only use one of the above mentioned conditions , 
namely that the rate of transfer of momentum from the 
field to. the electrons is: equal toi that) transierred trom 
the electrons to the lattice. 


The rate of transfer of momentum from the field 


to the electrons.is 
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Wk orate =eFN 9 Cen) 


wheresée is the magnitude of the charge Cm ne clectroir, 
N is the total numberof electrons and F is the applied 
field “ua the =7) directions) equats on (1. 5) is) ust 
Newton second law. The rate of transfer of momentum 
EeOmMethe electrons to the Vlatrcige sis) (neslect ine U- 


processes) 
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We will mainly be concerned with the effects of 
ene Are >*electrievrield’on ar°maverial inswhien tne 
eee uron—pronon finveracvion ws *exclusively* piezoelectric. 
FOr thesmoment: howeverawe will imelude whe etfeccs of 
VPolarsiniteractions = so Gaal we ican compare our resulring 
equations with those obtained by Yamashita and Nakamura. 
Polar sriveract .Ons are “Lilportant an many plLezoelectric 
SemMLconducLors at *room temperature. in fact in Cds at 
room temperature the interaction of the electrons with 
the polar modes Is mainly responsiple for determining 
the. Low field ese lale okoent Howevyerocvnemolar  inveractaons 
do.not) giveryrise To an appreciable number lor non-equili— 


brium phonons (because of large energy required to excite 


them) and we .assume that their effect may be adequately 
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describede bythe dntroduction.of alrelaxation time 


To: Hence we write 
| a ne 
hk = = ) fk ~— + ) fk >= 
Kk ae e-p ro ae polar ae ha at p.e 
O 
fot oN 
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which appears in equations “Civca) and (1.8b)} ‘can be 
evaluated using Fermi's Golden Ruley The probability 
per unit time for an electron in a plane wave state 
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CHAPTER .II 


APPLICATION AO A.C. FIELD 


We consiiderga pure’ A.C. field “of the form 
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(6) = Eee ee oe (256s 
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Guly the numerator of the right tard side ‘or C26)" is 
time dependent. If Vq lt) and Et(x y,t) are expanded 

im a Fourier series in time then* the lowest harmonic 

OF vq (t) (i.e. the one that oscillates with frequency w) 
Will be Ouleor=phaservwreh sooth the applied wt tela and the 
lowest harmonic of es(x,y,t). jie higher harmonics of 
the current. wilt) be. in phase wien the (corresponding 
harmonics of e+ (x,y,t). in ocpner words. all harmonies 
of the current higher than the first are produced exclu- 
sively by the action of the non-equilibrium phonons. 

We neglect this, ertectsand concentrave “On tne, first 
harmonic of-the current which 1s produced by Doth ‘the 


action of the field and the non-equilibrium phonons. 
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We look for a response to the applied field which 


has the form 


vq lt) = v,sin(wt + 64) | C2at) 


xt) 8 Gy) +E esy) sin lot Aga) (2.8) 


Equations (2a) Vand (2.0) contain Saiinknowns .)e 
a loeuoy cl(x,y) and A, (x). Subst Cusine -O2e,/)) cand 
(2.8) into (1.22) and equating the linearly independent 
Tennis (i.e 4 thejepepii cients .of 1 j sinwut Amd: cos. 0G) 


we obtain the following three relations. 
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(2.9) 
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C261.0) 
and 
Oueg tan” FIED COI Tah ee (2.11) 


Equavilons (2).9 grand (02.10) ive oe and ee as functions 
of one unknown V4 and equation (2.11) relates o5 andd 
A, (x). Substitutame (2.0 et Ue.) andes (2.0) into (256) 
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(2S) 
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when &° and rt are substituted. from (24 9)eandat 2440). 
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We substitute (2. 15)yand eer). into G2.12) and 
(2.13) and Wu plye bot Simes Gh ithese equations by 
the denominators Occurringwon tre. richvy hand Sides oF 
(2,12) and (2.13). .Gellectime the: coefricientsor 
cos6, and sins, We NOUC (Thar they contain bcrmae involy— 
ing 

1 + v,/ve 
in —————— 
1 - vi/Vv2 
hese Coeciiacrents can UOerrerroupedein a neat. form if 
ene expands the. logarivhms (Oya 7/2) )2i). and collects 
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CHAP Tih + Cit 


DISCUSSION 


Perel’ “ne wpliorenm discributlon Lunce Lon 


We give Some yarcunents TO jiUuSsuiry uae form of the 
equations obtained in Chapter Ll.” The decomposition 
Om e(x,y0t). (280) was arrived Steonmtite Dasis, thay at 
high enough frequencies there are always some non- 
equilibrium phonons present’ and “therefore Me Woes TOL 
oscittvate around its equilibrium value but aa some 
Vowue I) “excesswol tiis. “One Michi, cueretore expect 
that Be x Se) should tend to zero at low frequencies. 
However that this’ is not the case’ can be seen by the 
following arguments. ~ When the current is*moving in’a 
Gertain ‘direction -it depletes below their equilibrium 
value thesnumber of phonons travelling’ in the opposite 
aqirectionk-» However, Dor cannot™depiete= this number” by 
any: moves Than The number “presente- in equi lLiprium. ie. 


ng There is no such restriction on the number of 


phonons tihercurrent’ ean create in the forward direction. 
Inwsteady(state- the number™or phonons” created in’ the 
forward direction is from equation (1.24) 
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The depletion in the backward direction is 
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Hence -thevaverage number of non-equilibrium phonons in 


the two.modes. (cau). ( Xx c=Vv puis 


i vey } no 
oa = (ae eo Cane : (Biel) 
1 - Bees) 


ipethe AC, case the two modes txsy). and (x,-y) “are 
LEeSaced Voceviner, asiican. be seen if we weeall that the 
angle y is always measured-from the direction of the 
CburrenL and “Ghal. wane current) Changes Wirectl ron over ‘a 
CVGlLewOle che Ope. ed (filelo. Tous wen the currents 2s 
MOvVines an Chert2 di reecrion i Us. sincreasing the number 
of phonons in the mode (x,y) where y is measured from 
Pome’ Oc GLO. saNieha Res Current chances digweerdonwehne 
mode formerly (x,y) becomes (x,-y) measured from the 

-Z direction. Thus at low frequency we expect &(x,y,t) 
te oscillate. above its average value given. by (3:1). 
Duranewa.cycle vs Varies betweens) wand ve where Vi is 
che- maximums vaiue ioty the Gritt velocity... heplacing ce 
by. 1ts averate-vaiue over a cycle, ive. ee we obtain 


reoms( Ses) 


67 


- fe) Va e a 
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w>0 Ss ke ( ve ) 
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Taking. the, Jimit. of equation. (2.9) as w->O., gives equa- 
emer aes © Seay le 

Let US sSUbLract,. OUtat rom Lhe steadya.state,. equation 
(1.24). the average value (3.1) 


* 
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Thus au low frequencies, < snould oOsei lave apout: 2s 


average value &. With an amplitude eiven* by (3.3). 


Lhnus 
x 
Mor n 
: al gh 
ea yOu ear a (354) 
w>0 eee 1 ) 
aS 


ih 


Since Therma imun Veluwe OL Une driit velocity devermines 


where v. has been substituted for ie in the numerator 


the maximum value of ao Taking Che imiT of equacron 
(2041 0)/ asi b SO eives. (374)% 


Having given a meaning to the expression 
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At low frequencies, it is necessary to point out that 


equation (3.5) does not constitute a good physical 


oie i. doth ‘GRE =4 


~ HL 
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descripvion at. low frequencies, use. w << 1/7. 


\ 


Equation (3.5) implies that as the current goes to 
ZErO Curing a CYCIG, Ise.8 av. times i= ecrn/o. . the 
non-equilibrium phonon represented by &° will be 
Mresent.. {since og is the time ,averaged value of the 
nuUMDe Of phonons: Jn.a mode. this: wiliv only be the 


~ 


case when w>>1/T. In CdS at 40°K, 1/t~ 10°? sec”. 


Hibbea street. Ol the phonont da striburi on on ne curreny 


To obtain a rough idea of how the solutions of 
(2.17) and (2.18) are expected to behave, we assume 
pinata silo), y{x) and ¢(x) may be taken out from under 
the integral sign, and replaced by their values at the 


maximum value of the integrand, which we denote by s#®, 


y and g. Then from (2.18) we obtain 


wh s 


; ae = ear ' (3.6) 


tand 
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solved numeri- 
Coay ror Cas at Me 30" and’ ne = 10--. CAG temperatures 
below 50°K the coupling between the lattice and the 


: ‘ . : 30 
electrons is piezoelectric. ** ) 


Above this temperature 
polar coupling becomes important. An expression for T(x) 
ab Ghe- temperature we are interested in has been given 
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where D = 2.74 x10 sec/T>. However this value of D 
gives the phonons a mean free path many times larger 
than the average size of experimental sample. We have 


therefore cnosen 
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ee Pe se (3.9) 
Text) 
which means that a phonon with x = 1 has a mean free 
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